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Cl2 channels in basolateral TAL membranes. XIV. Kinetic basolaterally enriched vesicles of rabbit outer medulla.
properties of a basolateral MTAL Cl2 channel. To our knowledge, there are no accounts of the kinetics
Background. This article reports studies on the kinetics of of Cl2 conductance in basolateral Cl2 channels mediat-chloride (Cl2) conductance in Cl2 channels fused into bilayers
ing net Cl2 absorption in the thick ascending limb offrom basolaterally enriched vesicles from rabbit outer medulla.
Henle (TALH). Moreover, although there are relativelyA considerable body of evidence indicates that these channels
represent rbClC-Ka, a 77 kDa kidney-specific protein of the few accounts of Cl2 transport through ClC Cl2 channels
ClC family of Cl2 channels. rbClC-Ka, a candidate channel [1] in nonrenal tissues [2–7], there are no reports of the
for mediating net Cl2 absorption in the medullary thick as- kinetic properties of renal channels. Thus, these experi-cending limb (MTAL), has been cloned from rabbit outer me-
ments were predicated on the following rationale.dulla and localized by immunofluorescence to basolateral mem-
branes of the MTAL. Thus, this is the first account, to our rbClC-Ka is a 77 kDa member of the ClC family [1]
knowledge, of the kinetics of ion permeation through a renal of Cl2 channels, which we have cloned from rabbit outer
Cl2 channel mediating net basolateral Cl2 absorption in the medulla [8]. A significant body of evidence [8–11] is
thick ascending limb of Henle (TALH), and this channel may
consistent with the argument that Cl2 channels fusedrepresent rbClC-Ka.
into bilayers using basolateral vesicles from rabbit outerMethods. The electrophysiological properties of these chan-
nels were studied by fusing basolaterally enriched MTAL vesi- medulla are rbClC-Ka channels. First, an antisense oli-
cles into planar bilayer membranes. gonucleotide complementary to the cDNA encoding
Results. Cl2 conductance through these channels was con- rbClC-Ka blocks the appearance of the latter in basolat-centration dependent and saturable. The relationship between
eral MTAL vesicles, when assessed either by WesterngCl (pS) and symmetrical aqueous Cl2 concentrations could be
blotting or by vesicle fusion into bilayers [9]. Second,expressed in terms of the Michaelis equation with a limiting
conductance (GmaxCl , pS) of 114 pS at infinitely high aqueous rbClC-Ka localizes to basolateral membranes of rabbit
Cl2 concentrations and a K1/2 of 163 mm Cl2. A log-log plot MTAL by immunostaining techniques [10]. Third, an
of the conductance-Cl2 concentration relations, in the nonsatu-
anti–rbClC-Ka antibody, which recognizes a 77 kDa pro-rating Cl2 concentration range, had a slope of 0.91, that is,
tein in basolateral vesicles from rabbit outer medulla,virtually unity. The relatively impermeant anion I2 produced
a voltage-dependent conductance blockade that could be over- blocks bumetanide-insensitive 36Cl2 efflux from isolated
come at high electric field strengths. mouse MTAL tubule suspensions [10] and also inacti-
Conclusions. The experimental data described earlier here vates Cl2 channels fused into bilayers from basolateralfulfill the traditional criteria for a first-order process with a
vesicles prepared from cultured mouse MTAL cells [9].single Cl2 ion occupying these channels at a given time. Al-
Fourth, the electrophysiologic properties of rbClC-Kathough the channels may contain multiple ion binding sites,
the latter function, in integral kinetic terms, as a single rate- channels fused into bilayers from basolateral vesicles
limiting locus. obtained either from rabbit outer medulla or from cul-
tured mouse MTAL cells are virtually identical to one
This article describes some of the kinetic characteris- another and, in turn, to those of Cl2 channels studied
tics of chloride (Cl2) channels fused into bilayers from by excised patches of basolateral membranes of cultured
mouse MTAL cells [11]. Thus, it is reasonable to argue
that the basolateral MTAL Cl2 channels reported in thisKey words: chloride channels, ion channels, kinetics, bilayer, thick
ascending limb. article represent rbClC-Ka, that is, a plausible candidate
for a Cl2 channel-mediating net Cl2 absorption in theReceived for publication November 6, 1998
MTAL.and in revised form December 16, 1998
Accepted for publication December 16, 1998 Therefore, in these studies, we assessed certain aspects
of the kinetics of Cl2 permeation through these channels. 1999 by the International Society of Nephrology
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The kinetics of Cl2 permeation could not be accounted
for in terms of ion flux through channels characterized
by either independent diffusion streams or simultaneous
multiple ion occupancy [12–14]. Rather, Cl2 transport
was a saturable first-order process, having a K1/2 of 163
mm Cl2, or put differently, Cl2 permeation occurred by
a mechanism involving single Cl2 ion occupancy per
channel at a given time.
Also consistent with this interpretation were the fol-
lowing observations: The less permeant species I2 pro-
duced partial channel block that reduced the average
time interval (to, msec), during which an open Cl2 chan-
nel remained open, and the I2 block of these channels
was voltage dependent and could be overcome by a high
electrical field [12–15], a phenomenon picturesquely de-
Fig. 1. Current-voltage relations under three different symmetrical so-scribed by Pappone and Cahalan [14], among others, as lutions with each fitted by a linear regression. The experiments at each
ionic “punch-through.” A preliminary report of some of Cl2 concentration were paired, with 150 mm Cl2, N 5 9, r 5 0.99; with
320 mm Cl2, N 5 35, r 5 0.99; and with 600 mm Cl2, N 5 3, r 5 0.99.these findings has been published (abstract; Winters et
al, J Am Soc Nephrol 9:48A, 1998).
METHODS to less than 50 nm inactivates the channels [19]. KI was
added directly from a stock 3M solution. Openings andThe procedure for preparing basolaterally enriched
closings of the channel were defined by a 50% thresholdvesicles from rabbit outer medulla and the enzymatic
discriminator. All results were expressed as mean val-characteristics of these vesicles has been previously de-
ues 6 sem for the indicated number of experiments. Ascribed [3, 16–18]. For these studies, these vesicles were
single bilayer was taken to be N 5 1. Curve fittings forsuspended in 250 mm sucrose and 30 mm histidine (pH
the Goldman-Hodgkin-Katz equation, Michaelis-Men-7.4) at a protein concentration of 10 to 20 mg/ml.
ten kinetics, and simple linear regression were done onLipid bilayer membranes were formed as described
computer using “Origin 4.1” (Microcal Software, North-previously [16–18]. The solutions used to form bilayers
hampton, MA, USA).were a 1:1 mixture of phosphatidylserine and phosphati-
dylethanolamine in decane (20 mg lipid/ml). The bilayers
were voltage clamped using a patch-clamp amplifier (Da- RESULTS
gan 8900) connected to the bilayer chambers via silver
Saturation with increasing aqueous Cl2 concentrationselectrodes in 3M KCl agar bridges. Records were stored
Figure 1 shows the results of current (I, pA)/voltageand analyzed by computer using “pclamp 5.5” (Axon
(VH, mV) measurements in paired experiments on bi-Instrumental, Foster City, CA, USA). Records were fil-
layers containing Cl2 channels fused from basolateraltered at 200 Hz (23 dB cut-off) and sampled at 2 kHz.
rabbit and/or medullary vesicles using three differentAll voltages reported in this article are expressed for
symmetrical KCl concentrations: 150 mm, 320 mm, andtrans solutions with respect to cis solutions.
600 mm. In all three instances, the I/V relations wereThe methods for vesicle incorporation into lipid bi-
linear, and the conductances at 150 mm Cl2 and 320 mmlayers were those described previously [16–18]. Under
Cl2 were similar to those reported previously for thosethese experimental circumstances, the addition of vesi-
aqueous-phase Cl2 concentrations [11, 17–19]. However,cles to cis chambers containing hypertonic solutions re-
although the slope of the I/V relations increased bysulted in channel fusion with bilayers such that the extra-
slightly more than twofold when the external Cl2 concen-cellular and intracellular channel faces oriented toward
trations were raised from 150 mm to 320 mm, there wascis and trans solutions, respectively [4, 16–18]. Thus, in
no significant increase in the slope of the I/V relationsthis article, as in prior studies [11, 17–19], we designated
when the external Cl2 concentrations were increasedcis and trans solutions as extracellular and intracellular,
from 320 mm to 600 mm. In other words, the channelrespectively.
currents began to saturate at external Cl2 concentrationsIn these studies, cis and trans chambers uniformly con-
greater than approximately 320 mm Cl2.tained 1 mm CaCl2 and 5 mm HEPES, pH 7.4; the KCl
Figure 2 illustrates the results of experiments that eval-concentrations in the cis and trans solutions in each ex-
uated saturation in a large (N 5 67) number of bilayers,periment are indicated in the Results section. As noted
previously, reductions in the trans Ca11 concentration using channels fused into bilayers from basolaterally en-
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Fig. 2. Relationship between gCl (pS) and aqueous-phase Cl2 concen- Fig. 3. Relationship between log gCl (pS) and log [Cl2] using the data
trations in 67 bilayer experiments using basolaterally enriched outer from Figure 2 at aqueous Cl2 concentrations in the range 100 to 320
medullary vesicles from mouse (d; N 5 14) or rabbit (s; N 5 53) mM, that is, at Cl2 concentrations below saturation. Each symbol is for
kidney. Four of the experiments were paired, and the remainder were an individual channel in an individual bilayer from (d) mouse or (s)
not; there were no significant differences between the paired and un- rabbit vesicles. Y 5 0.91X 20.34; R 5 0.922.
paired experiments. The data were fitted according to the standard
Michaelis-Menten kinetic expression for the relationship between con-
ductance and concentration [13] with an R2 value of 0.986. (GmaxCl 5 114
pS; K1/2 5 163 mm.
that is, a rather high turnover number consistent with
the behavior of ionic channels [12–14].
A conductance-concentration relation with symmetri-
riched outer medullary vesicles from either rabbit (N 5
cal solutions that is described by Equation 1 is widely
53) or mouse (N 5 14). Four of these experiments were
considered to apply to channels with a single ion occu-
paired; the results of these paired experiments were not
pancy at any given time [12–14]. We cannot improve on
statistically distinguishable from the unpaired experi-
La¨uger’s meticulous description of concentration-con-
ments. We note again in this context that Cl2 channels
ductance relations for symmetrical aqueous phases [13];
fused into bilayers from either rabbit or mouse basolat-
that is, Equation 1 “generally holds for channels with
eral MTAL vesicles have virtually identical electrophysi-
an arbitrary number of binding sites, provided that the
ological properties and that these properties are also
channel accepts no more than one ion at a time” [13].
virtually identical to those of basolateral Cl2 channels
In short, the data in Figures 1 and 2 indicate that Cl2
in excised patches of cultured mouse MTAL cells [11].
permeation through these channels was a first-order pro-The results presented in Figure 2 indicate that the
cess.relationship between gCl and external Cl2 concentrations To test this possibility further, we expressed the non-could be rationalized in terms of the Michaelis expression
saturating data in Figure 2 according to the relationship:applied to conductance-concentration circumstances,
that is [12, 13]: log gCl 5 N log [Cl2] (Eq. 3)
where the N term indicates reaction order. The results,gCl 5
GmaxCl [Cl2]
[Cl2] 1 K1/2
(Eq. 1)
shown in Figure 3, indicate that in the Cl2 concentration
range of 100 to 320 mm, the relationship between log gClwhere GmaxCl is the limiting conductance at an infinitely and log [Cl2] was linear (R 5 0.922) with a slope of 0.91,
high aqueous Cl2 concentration and K1/2 is the Cl2 con- that is, virtually unity.
centration for half-maximal saturation of channel cur-
rents. From the hyperbolic data fit illustrated in Figure Voltage-dependent I2 block
2 (R2 5 0.986), we obtained GmaxCl 5 114 pS and K1/2 5 The I2/Cl2 permeability ratio in these Cl2 channels
163 mm Cl2. Furthermore, by using Avogadro’s number is approximately 0.43 [16]. Figure 4 shows the results of
(N) and the Faraday (F) together with a GmaxCl of 114 pS paired experiments that evaluated the effect of adding
and a holding voltage of 60 mV, we obtain a turnover 150 mm I2 to cis solutions containing 200 mm Cl2. The
number (TN) of:
trans solutions contained 50 mm Cl2. The holding volt-
ages provided an electrical field favoring cis to transTN 5 (GmaxCl ) (VH) (N)/(F)
TN . (4.1) (107) ions/sec, (Eq. 2) anion flux.
Winters et al: MTAL Cl2 channel kinetics 1447
Fig. 5. A representative tracing in a single Cl2 channel illustrating, inFig. 4. I-V relationships for five different paired experiments with ei-
a paired experiment, the effect of cis KI addition on a single channelther 200 mM KCl ( ) or 200 mM KCl plus 150 mM KI ( ) in cis
current tracing at two different holding voltages, VH 5 20 mV and VH 5solutions. The trans solutions contained 50 mm KCl. The solid curve
60 mV.represents a Goldman-Hodgkin-Katz equation fit of the cis 200 mm
KCl data using a Cl2:K1 ratio of 10:1. For 200 mm KCl plus 150 mm
KI in cis solutions, the dashed line was drawn by eye.
easily noted that, at holding voltages of 20 mV and 60
mV, a 150 mm I2 addition to cis solutions reduced the
In the absence of I2, the data shown in Figure 4 coin- magnitude of channel currents with respect to those ob-
cided nicely with a Goldman-Hodgkin-Katz plot using served with 200 mm cis Cl2 solutions.
a Cl2/K1 permeability ratio of 10, in direct accord with Figure 6 shows the results of experiments that evalu-
our earlier observations [16, 19]. However, when I2 was ated, in quantitative terms, the effects of 150 mm I2
added to the cis solutions, there were several interesting addition to cis solutions on to (msec), the average time
results. interval a channel remained open during a particular
More specifically, in the VH range of 0 to 60 mV, the channel opening, and Po, the channel open time probabil-
slope conductance fell from 61.7 6 3.3 pS without I2, to ity. The trans solutions uniformly contained 50 mm KCl,
27.5 6 3.7 pS with I2 (mean paired difference 5 34.3 6 and for each circumstance (that is, with or without 150
3.2, P 5 0.0003). Moreover, in unpaired observations mm cis I2), paired experiments were carried out at two
using 150 mm I2 addition to 200 mm cis Cl2 concentra- holding voltages: VH 5 0 mV and VH 5 60 mV.
tions, the application of a relatively high electrical field The data presented in Figure 6 clearly show that when
(that is, VH 5 100 mV) produced a current of approxi- I2 was absent from cis solutions, Po rose from 0.09 6
mately 10 pA, which corresponds to a channel conduc- 0.05 at 0 mV to 0.56 6 0.05 at 60 mV (P 5 0.0008), in
tance of approximately 100 pS. The latter value, from accord with our prior observations [16–19]. With an I2
Figure 1 and prior studies [16–19], is about the same addition to cis solutions, Po rose from 0.20 6 0.09 at 0
channel conductance observed at holding voltages in the mV to 0.40 6 0.08 at 60 mV (P 5 0.05). Thus, the I2
range of 0 to 60 mV with 320 to 350 mm cis Cl2 solutions. addition to cis solutions only slightly blunted the voltage-
Thus, in accord with classic expectations [12–14] for dependence of Po in the VH range of 0 to 60 mV. How-
a channel having a single ion occupancy, the addition ever, the I2 addition to cis solutions had a striking effect
of the relatively impermeant anion I2 to cis solutions on the voltage-dependence of to. As indicated in Figure
produced a conductance block, and at a relatively high 6, without the I2 addition to cis solutions, increasing VH
electric field (that is, VH 5 100 mV) the conductance from 0 mV to 60 mV produced about a threefold increase
rose dramatically, indicating an I2 passage through the in to. However, with 150 mm I2 addition to cis solutions,
channel. The latter represents the “punch-through” ef- the values of to remained virtually unchanged when hold-
fect [14], which is referred to in the beginning para- ing voltages were increased from 0 to 60 mV.
graphs.
It was also pertinent to examine the effects of I2 on
DISCUSSIONthe kinetics of channel opening and closing. Figure 5
shows the results of a representative paired experiment The experiments reported in this article provide a par-
tial insight into certain kinetic aspects of Cl2 transportillustrating the effects of adding 150 mm I2 to cis solutions
on the kinetics of channel opening. By inspection, it is through Cl2 channels fused into bilayers from basolater-
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as well as the first account of the kinetics of Cl2 conduc-
tance through a renal ClC channel.
The data reported in Figures 1–3 indicate that Cl2
conductance through these channels could not be de-
scribed either by the independence relation or by a
model involving simultaneous multi-ion channel occu-
pancy [12–14]. Rather, Cl2 conductance could be ration-
alized in terms of a saturable first-order process (Figs. 1
and 2). The fit of the experimental data to the classic
Michaelis expression (Equation 1) and the near-unity
slope of the data expressed in terms of Equation 3 (Fig.
3) coincide with traditional expectations for an ionic
channel containing a single ion at a given time [12–14].
We stress in this context that, as noted in the Results
section, a single-ion occupancy kinetic model for these
channels indicates simply that, at any given time, the
channel contains only a single ion and that when viewed
as an integral, ion-binding sites within the channel func-
tion as the equivalent of a single rate-limiting locus [12–
14]. Our data provide no insight into the factors responsi-
ble for the single ion occupancy per channel, that is, Cl2
per se, ionic strength, and/or osmolality.
The relatively impermeant I2 produced a conductance
block that was overcome by a relatively high electrical
field (Fig. 4). This voltage-dependent I2 conductance
block had relatively minor effects on the voltage-depen-
dence of Po but dramatically reduced the voltage-depen-
dence of to (Fig. 6). It is interesting to note in this context
that in the experiments shown in Figure 4, the conduc-
tances with (27.5 pS) and without (61.7 pS) I2 addition
to cis solutions yielded a conductance ratio (27.5/61.7 5
0.44) virtually identical to 0.43, the I2/Cl2 selectivity
ratio of 0.43 determined previously for these channels
from reversal voltage measurements [16]. Thus, we con-
clude that Cl2 permeation through these channels in-
Fig. 6. Relationship between holding voltage and either to (A, msec), volved not only a single Cl2 ion occupancy per channel,
the average time interval a channel remained open during a particular but also that, within the channels, at least one domainopening, or Po (B), the open time probability. The cis solutions con-
exists in which the effective radius precludes side-by-tained either 200 mm KCl ( ; N 5 12, paired) or 200 mm KCl plus
150 mm KI ( ; N 5 5, paired). The trans solutions contained 50 mm side passage of Cl2 ions and hinders I2 permeation, at
KCl. Under paired control conditions without I2, Po was 0.09 6 0.05 least in part, by geometric constraints. Thus, for radii ofat 0 mV and 0.56 6 0.05 at 60 mV (P 5 0.0008). With I2 addition to
1.81 A˚ and 2.16 A˚ for Cl2 and I2, respectively [20], wecis solutions, the paired Po values were 0.20 6 0.09 at 0 mV and 0.40 6
0.08 at 60 mV (P 5 0.05). The unpaired P values with and without cis infer, assuming that the channel interior is either aqueous
I2 addition were 0.34 (NS) at 0 mV and 0.07 at 60 mV, respectively. or similarly polarized, that the effective radius of suchUnder paired control conditions without I2, to (msec) was 4.1 6 1.2 at
a region is in the range of 2.0 A˚, assuming fixed channel0 mV and 13.1 6 1.4 at 60 mV (P 5 0.00002). With I2 addition to cis
solutions, the paired to values were 5.5 6 1.4 at 0 mV and 6.4 6 1.3 at geometry.
60 mV (P 5 NS). The unpaired P values with and without I2 addition Finally, we stress that the kinetic results provided inwere 0.67 (NS) and 0.006 at 0 mV and 60 mV, respectively.
the article provide only a partial phenomenologic ac-
count of Cl2 conductance through these channels. Evi-
dently, more details about the explicit structural charac-
teristics of rbClC-Ka channels are required to analyzeally enriched vesicles from rabbit outer medulla. As
noted in the beginning paragraphs, it is reasonable to these data in molecular terms.
argue that these channels are rbClC-Ka channels. Thus,
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